With the introduction of immune checkpoint inhibitors into clinical practice, various autoimmune toxicities have been described. Antibodies targeting the receptor:ligand pairing of programmed death receptor-1 (PD-1) and its cognate ligand programmed death-ligand 1 (PD-L1) in rare reports have been associated with autoimmune diabetes mellitus. We report 2 cases of rapid-onset, insulin-dependent, type 1 diabetes mellitus in the setting of administration of nivolumab, a fully human monoclonal antibody to PD-1, and atezolizumab, a humanized monoclonal antibody to PD-L1. This appears to be the first report of autoimmune diabetes mellitus associated with atezolizumab. In addition, we provide a brief review of similar Case Rep Oncol
Introduction
Immune checkpoints refer to inhibitory signaling pathways in immune cells that are regulated by a number of receptor:ligand pairings. Two of the most actively studied inhibitory receptors are cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), which binds to the B7 family ligands B7-1 (CD80) and B7.2 (C86), and programmed death receptor-1 (PD-1), which binds to its cognate ligand programmed death-ligand 1 (PD-L1) [1, 2] . Tumor cells have long been known to aberrantly express these immune checkpoint molecules to inhibit antitumor immune responses [1, 2] . Immune checkpoint inhibition has emerged as a pharmacological mechanism that augments endogenous antitumor immune responses during the treatment of malignancies [1] . These checkpoint inhibitors are antibodies which bind to block inhibitory signaling pathways, principally in T lymphocytes, which enhance the activation of tumor-specific cytotoxic T cells [1] . In recent years, a number of immune checkpoint inhibitors have been approved for tumor therapy, including nivolumab (fully human monoclonal IgG4 antibody to PD-1) and atezolizumab (humanized monoclonal IgG1 antibody to PD-L1).
While inhibition of peripheral T-cell activation is a mechanism by which tumors evade the immune system, these immune checkpoints also serve to maintain peripheral tolerance of self-antigens. Therefore, pharmacological inhibition of immune checkpoints has the potential to both enhance antitumor immunity and to either stimulate or enhance autoimmunity. Indeed, there are several reports in animal models that mechanistically demonstrate that either genetic deletion or pharmacological inhibition of these immune checkpoint molecules (PD-1 and PD-L1) enhance the rate and incidence of autoimmune diabetes [3] [4] [5] [6] . While there are multiple reports that describe a temporal association between the use of PD-1 inhibitors for tumor therapy and the rapid induction of a late-onset autoimmune diabetes mellitus [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , only two reports to date associate PD-L1 inhibitors with diabetes mellitus (BMS-936559 [18] and an unspecified PD-L1 inhibitor [13] ).
We present 2 case reports: first, an 83-year-old male who presented with diabetic ketoacidosis (DKA) and antibody-positive type 1 diabetes mellitus (T1DM) following treatment with nivolumab and systemic chemotherapy for metastatic squamous cell carcinoma of the right posterior maxillary sinus; and second, a 63-year-old female who presented with DKA and antibody-positive T1DM following treatment with atezolizumab and systemic chemotherapy for high-grade urothelial carcinoma of the bladder (Table 1 ). In addition, we provide a literature review of T1DM following treatment with PD-L1 or PD-1 inhibitors, discuss potential mechanisms for this phenomenon, and propose a diagnostic and treatment algorithm.
An 83-year-old male with a past medical history of tobacco smoking, chronic sinusitis, and hypothyroidism presented to his dentist with premaxillary pain. Cone beam computed tomography (CT) imaging was obtained demonstrating radiolucency around tooth 8 and 9. He was seen by a periodontist who biopsied the lesion, and pathology was significant for squamous cell carcinoma. Positron emission tomography (PET) imaging showed fludeoxyglucose avidity in the left paramedian maxillary alveolar ridge, the right maxillary sinus, and two lesions in the liver. The patient was taken to the operating room and underwent nasal endoscopy with biopsy of the right posterior maxillary sinus wall with pathology confirming squamous cell carcinoma. Ultrasound-guided core liver biopsy was positive for metastatic poorly differentiated squamous cell carcinoma. The patient was treated with transarterial chemoembolization to the liver and radiation therapy to the maxillary sinus.
Surveillance imaging one month after initial therapy, including magnetic resonance imaging of the brain, demonstrated a new 1.0 cm posterior right frontal lobe lesion concerning for metastasis. The patient was treated with stereotactic body radiation therapy with a total of 30 Gy delivered in six fractions to his brain lesion. Repeat PET imaging four months later was significant for a 2.4 cm mediastinal mass concerning for metastasis.
The patient was started on systemic therapy with nivolumab, a fully humanized immunoglobulin that blocks PD-1. The medication was administered as 240 mg i.v. every 14 days.
Approximately 3 months later, the patient was admitted to the hospital with clinical features of DKA, including a blood glucose level of 426 mg/dL, serum bicarbonate of 14 mmol/L, serum pH of 7.29, an elevated anion gap of 26, and ketonuria. He was treated with insulin and clinically improved. Additional laboratory testing included low C-peptide at 0.32 ng/mL (normal range 1.10-4.40 ng/mL) and elevated anti-glutamic acid decarboxylase (GAD) antibody levels at 1,763.6 U/mL (normal range 0.0-5.0 U/mL). Low-resolution human leukocyte antigen (HLA) typing demonstrated DRB1*08, DRB1*11, DQB1*03, DQB1*04, DQA1*04, and DQA1*05. Serologic equivalents include DR8,11; DQ4,7. These particular HLA types are not commonly associated with high-risk genotypes for T1DM. Since hospital discharge, the patient has remained insulin dependent, with stable insulin requirements and stable blood glucose levels. Both his insulin requirements and glucose variability are consistent with T1DM.
Of note, shortly after hospitalization for DKA, the patient developed progressive diarrhea and bloody stool. Colonoscopy was significant for diffuse colitis. Nivolumab was discontinued, and the patient was started on prednisone 60 mg p.o. daily. Steroids were slowly tapered and then discontinued after approximately 2 months of treatment. The patient's colitis symptoms resolved. He remains off nivolumab and is followed with clinical observation. The most recent restaging CT imaging demonstrated stable disease without evidence of progression or new metastasis.
Case Presentation 2
A 63-year-old female with a history of hypothyroidism and iron deficiency anemia with reactive thrombocytosis and leukocytosis initially presented with hematuria. The patient underwent cystoscopy with transurethral removal of bladder tumor (TURBT) significant for a large bladder tumor involving the dome, left side wall, right trigone, right side wall, and bladder neck. Pathology was significant for high-grade urothelial carcinoma with papillomatous squamous differentiation. No lamina propria or muscularis propria invasion was present consistent with cT1 disease. She was treated with adjuvant Bacillus Calmette-Guérin (BCG).
Four months later, the patient had surveillance cystoscopy significant for two large recurrent masses in the base of the bladder. Restaging CT scan suggested perivesicular involvement concerning for cT3 disease. The patient was started on neoadjuvant gemcitabine and cisplatin followed by cystectomy. Surgical pathology was significant for pT2b urothelial carcinoma. Restaging scans four months postoperatively showed no evidence of disease.
Ten months postoperatively, the patient had restaging CT scans demonstrating a 3.8 × 2.5 cm lymph node mass in the mediastinum and two pulmonary nodules concerning for metastatic disease. She underwent right paratracheal lymph node biopsy with pathology consistent with metastatic high-grade urothelial carcinoma. The patient was started on atezolizumab, a humanized monoclonal antibody immune checkpoint inhibitor that binds to PD-L1. The medication was administered as 200 mg i.v. every three weeks.
Cycle one of treatment was complicated by drug fever and increased thyroid-stimulating hormone, requiring dose escalation of the patient's levothyroxine. During cycle two of therapy, the patient was hospitalized with clinical evidence of DKA, including a blood glucose level of 801 mg/dL, serum bicarbonate of 14 mmol/L, an elevated anion gap of 28, and ketonuria. She was treated with an insulin infusion and clinically improved. Further laboratory testing was significant for a low C-peptide of 0.02 ng/mL (normal range 1.10-4.40 ng/mL) and an elevated anti-GAD antibody level at >250.0 U/mL (normal range 0.0-5.0 U/mL). Lowresolution HLA typing was significant for DRB1*03, DRB1*04, DQB1*02, DQB1*03, DQA1*03, and DQA1*05. Serologic equivalents include HLA-DR4,17; DQ2,8. DR4-DQ8 has been associated with high risk to develop T1DM [19] . The patient continued insulin at hospital discharge; she has remained insulin dependent with stable insulin requirements and stable blood glucose.
While on atezolizumab, the patient initially demonstrated a partial response to therapy. The most recent restaging CT imaging, prior to cycle 9 of immunotherapy, demonstrated overall stable disease except for a new 7 mm pulmonary nodule suspicious for metastasis. While working on prior authorization for alternative therapy, the patient was admitted to the hospital with acute hypoxic respiratory failure in the setting of pericardial effusion with cardiac tamponade and distal tracheal narrowing. She underwent pericardial window followed by tracheal stenting. Unfortunately, the patient's postoperative course was complicated by worsening respiratory failure. She elected to transition to hospice care and passed away shortly thereafter.
Discussion
Immunity to cancer cells requires a complex, multistep process. First, cancer cell death releases tumor antigen, then antigen must be processed and presented by antigenpresenting cells, antigen-presenting cells and T cells must be primed, then cytotoxic T lym-phocytes must travel through the bloodstream to tumor cells, infiltrate tumor tissue via endothelial cells, recognize cancer cells, and destroy them. Each step in this process must be completed to achieve a clinically meaningful response [20] .
Cancer cells have evolved to develop mechanisms that disrupt this process. One notable pathway utilized by malignant cells to inhibit cytotoxic T-lymphocyte recognition and destruction of tumor cells involves the receptor:ligand pairing of PD-1:PD-L1 [21] . PD-1 is present on activated T cells [22] . PD-L1 is found on hematologic cells, such as B cells, dendritic cells, macrophages, and T cells as well as various stromal cells, such as vascular endothelial cells and pancreatic islet cells [4, 23, 24] . When PD-1 interacts with PD-L1, an inhibitory signal is generated that regulates T-cell activation, tolerance, and cytotoxic activity [25, 26] . Cancer cells expressing PD-L1 can take advantage of this inhibitory signal to evade immune response [27] .
Immune checkpoint inhibitors are monoclonal antibodies targeting various receptor:ligand pairs that function to modulate T-cell activity. Nivolumab is a fully human monoclonal antibody that selectively inhibits PD-1, while atezolizumab is a humanized monoclonal antibody that binds to PD-L1. Immune checkpoint inhibitors aim to restore antitumor immune response but also increase the risk for autoimmunity [28, 29] . With the approval of immune checkpoint inhibitors, various autoimmune toxicities have been described in the literature. One rare phenomenon includes autoimmune diabetes mellitus [30] .
The two cases reported here describe the development of late-onset, insulin-dependent, autoimmune diabetes mellitus (i.e., T1DM) in association with the administration of both anti-PD-1 and anti-PD-L1 immune checkpoint inhibitors. Upon review of the literature, our first patient appears to be the 12th reported case of T1DM associated with the administration of nivolumab (anti-PD-1), while our second patient appears to be the first reported case of T1DM associated with the administration of atezolizumab (anti-PD-L1) ( Table 2) [8] [9] [10] [11] [12] [14] [15] [16] [17] .
Patient characteristics for those diagnosed with autoimmune diabetes mellitus associated with the administration of nivolumab have been variable. Most cases have been observed in patients with melanoma, but it has also been described in non-small cell lung cancer, renal cell carcinoma, small cell lung cancer, and Hodgkin lymphoma [8] [9] [10] [11] [12] [14] [15] [16] [17] . The higher incidence in melanoma could potentially be explained by the increased use of immune checkpoint inhibitors in this population over recent years. Although many patients present within two to three months of starting treatment, some cases have also been described as far as twelve months from initiating immunotherapy. All cases have been associated with newonset hyperglycemia, and the majority of patients presented with DKA. All patients presented with low fasting C-peptide, most were found to have one of the known autoantibodies associated with autoimmune diabetes mellitus, and all remained insulin dependent after initial presentation [13, 18] .
Our second patient appears to be the first reported case of T1DM associated with atezolizumab. In a review of the literature for all anti-PD-L1 antibodies, this appears to be the third reported case. The first case was described in the initial phase 1 study for BMS-936559, a fully human PD-L1-specific monoclonal antibody that inhibits the binding of PD-L1 to both PD-1 and CD80. Details of this patient's clinical presentation, diagnostic workup, and treatment were not disclosed [18] . The second reported case described a 70-year-old man with advanced non-small cell lung cancer who received an unspecified PD-L1 antibody. His course was complicated by DKA. Diagnostic studies were significant for low C-peptide of 0.3 ng/mL (normal range 1.0-7.1 ng/mL) and undetectable insulin autoantibody and anti-GAD antibody. Additional autoantibody testing and HLA typing was not performed. The patient remained insulin dependent and died of disease progression seven months later.
T1DM results from the autoimmune destruction of the insulin-producing β cells of the endocrine pancreas [31] . Individual susceptibility is largely influenced by various genetic factors, including both major histocompatibility complex (MHC) and non-MHC genes [32] [33] [34] . The dominant susceptibility genes for T1DM are found on the HLA region of chromosome 6p, which encodes for MHC class II molecules [35, 36] . While there have been various HLA genotypes associated with a high risk to develop autoimmune diabetes mellitus, over 90% of type 1 diabetics carry either DR3,DQB1*0201 (also known as DR3-DQ2) or DR4,DQB1*0302 (also known as DR4-DQ8), and up to 30% have both haplotypes (DR3/DR4 heterozygotes), which is associated with the greatest risk for the development of autoimmune diabetes [36] . Multiple non-HLA factors have been shown to influence the risk for T1DM, which broadly function to regulate antiviral responses, lymphocyte activation, chemokine and cytokine signaling, and peripheral tolerance [33, 35] .
Several autoantigens isolated from pancreatic islet cells are associated with the development of autoimmune diabetes mellitus, including GAD, insulin, insulinoma-associated protein 2 (IA-2), and zinc transporter (ZnT8) [37] . While the specific role of humoral immunity in the pathogenesis of autoimmune diabetes mellitus is incompletely understood, the majority of β cells are selectively destroyed in a mechanism dependent on T cells [33, 38] . Histopathological studies reviewing post mortem sections of the pancreas from type 1 diabetics have demonstrated that the majority of infiltrating immune cells are CD8+ T cells [39] , and in animal models either removal or transfer of CD4+ or CD8+ T cells can prevent or precipitate diabetes, respectively [38, 40, 41] .
Multiple pathways have been studied to better understand the mechanisms regulating T-cell tolerance to self-antigens. One of the main sources of peripheral tolerance induction is CD4+CD25+FoxP3+ regulatory T cells (Tregs). Limited function and number of this Treg population has been implicated in autoimmune diabetes mellitus [42] . IL-10 secretion by Tregs functions to induce anergy and apoptosis of activated effector CD4+ and CD8+ T cells. Additionally, multiple T-cell populations, including Tregs, also express the inhibitory receptors CTLA-4 and PD-1, which bind to the B7 family ligands B7-1 (CD80) and B7.2 (C86), and PD-L1, respectively.
Recent investigations in animal models provide evidence that either genetic deletion or pharmacological interruption of PD-1:PD-L1 interaction promotes the development of diabetes mellitus [3] [4] [5] [6] . Importantly, pancreatic islet cells also express PD-L1 [43] [44] [45] [46] , which also functions to help maintain peripheral tolerance. B7-1 (CD80), a ligand for CD28 and CTLA-4, has also been shown to be a second binding site for PD-L1 in both mice and humans. It has been observed that the most commonly used anti-PD-L1 monoclonal antibodies may also block the interaction between PD-L1 with both PD-1 and B7-1 [47] [48] [49] [50] , which likely functions to release B7 to bind to T-cell costimulatory receptor CD28. These data suggest that the interaction of PD-L1 with PD-1 and B7-1 provides an immunoinhibitory effect against self-reactive effector T cells and that disruption of the PD-1:PD-L1 and PD-L1:B7-1 pairings with anti-PD-L1 monoclonal antibodies blocks peripheral inhibitory signals on cytotoxic T lymphocytes, stimulating autoimmune destruction of pancreatic islet cells.
When a clinician is confronted with new-onset hyperglycemia in the setting of immune checkpoint inhibitor therapy, prompt diagnostic evaluation should be initiated (Table 3 ). In addition to workup and management of hyperglycemia and potentially DKA, laboratory testing to consider includes fasting C-peptide as well as various antibody markers associated with autoimmune diabetes mellitus, including GAD, insulin autoantibody, IA-2, and zinc transporter (ZnT8). One would anticipate a low fasting C-peptide and elevated antibody markers in autoimmune diabetes mellitus; however, this is not always the case.
In general, treatment for moderate to severe immune-related adverse events associated with immune checkpoint inhibitors has been delaying therapy and immunosuppression with corticosteroids. However, this approach may not be as useful in the setting of immunotherapy-related autoimmune diabetes. Studies suggest that in type 1 diabetics, by the time hyperglycemia manifests clinically, up to 80-95% of pancreatic β-cell mass has been irreversibly lost [51] [52] [53] [54] [55] [56] . With such a significant loss of β cells at the time of clinical presentation, it seems unlikely that immunotherapy dose modification or immunosuppression would alter the course of autoimmunity or insulin dependence. Therefore, in the setting of rapid-onset, autoimmune, insulin-dependent diabetes associated with immune checkpoint inhibitor therapy, there seems to be limited utility to immunotherapy dose modification or immunosuppression with corticosteroids. We propose managing hyperglycemia with insulin therapy and continuing immune checkpoint inhibition unless other clinical factors, such as alternative toxicity or disease progression, require dose modification or discontinuation.
Conclusion
Immune checkpoint inhibitors have been associated with various immune-related adverse effects. Rare cases of autoimmune diabetes mellitus have been reported. We present two cases of rapid-onset, insulin-dependent T1DM associated with the administration of nivolumab and atezolizumab. This appears to be the first report of autoimmune diabetes mellitus associated with atezolizumab. Based on a review of the literature, the PD-1:PD-L1 pathway seems to provide a protective effect against β cell autoimmunity, and in some patients, blocking this pairing with immune checkpoint inhibitors may lead to autoimmune diabetes mellitus and insulin dependence. There seems to be limited utility of dose modification or immunosuppression with corticosteroids once patients develop hyperglycemia. Further research is needed to clarify how to identify patients at greatest risk for autoimmunity and to determine the optimal strategy for prevention and management.
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